ABSTRACT: Little is known about the reorganization capacity of water molecules at the active sites of enzymes and how this couples to the catalytic reaction. Here, we study the dynamics of water molecules at the active site of a highly proficient enzyme, Δ 5 -3-ketosteroid isomerase (KSI), during a light-activated mimic of its catalytic cycle. Photoexcitation of a nitrile-containing photoacid, coumarin183 (C183), mimics the change in charge density that occurs at the active site of KSI during the first step of the catalytic reaction. The nitrile of C183 is exposed to water when bound to the KSI active site, and we used time-resolved vibrational spectroscopy as a site-specific probe to study the solvation dynamics of water molecules in the vicinity of the nitrile. We observed that water molecules at the active site of KSI are highly rigid, during the light-activated catalytic cycle, compared to the solvation dynamics observed in bulk water. On the basis of this result, we hypothesize that rigid water dipoles at the active site might help in the maintenance of the preorganized electrostatic environment required for efficient catalysis. The results also demonstrate the utility of nitrile probes in measuring the dynamics of local (H-bonded) water molecules in contrast to the commonly used fluorescence methods which measure the average behavior of primary and subsequent spheres of solvation.
■ INTRODUCTION
Understanding the dynamical properties of water molecules surrounding a solute is of fundamental importance in chemical and biological systems. 1−6 For a chemical reaction in aqueous solution, reorganization of water molecules around the reactants often controls or modulates the rate of the reaction. 1, 2 Most of the chemical reactions in biological systems occur at the active site of enzymes, which often contain ordered and disordered water molecules. 4,7−11 Although the activity of enzymes depends upon the solvation environment around the active site, 11−13 very little is known about the dynamical properties and reorganization capacity of active site water molecules and whether water dynamics is coupled to the catalytic reaction coordinate. 14−16 NMR and fluorescence up-conversion spectroscopy have been widely used to study the dynamics of water molecules near the surface of proteins. In NMR methods, measurement of magnetic relaxation dispersion of the quadrupolar 2 H and 17 O nuclei in the water molecule 17 and intermolecular nuclear Overhauser effects between the water and the solute 18 are usually used to study hydration dynamics. These experiments are suitable only for measuring slow water dynamics, 19 and the relationship of these observables to function is not clear. Dynamic motions of water molecules at the protein−water interface in the neighborhood of a fluorescent probe localized on the protein surface contribute to time-dependent fluorescence Stokes shifts, 20, 21 which can be probed with femtosecond resolution using fluorescence up-conversion spectroscopy. 2,20−22 While significant variations in the solvation response at different sites on the surface of a protein can be observed, it is difficult to parse the experimental results between the solvation response of the protein in the vicinity of the fluorescent probe solvating water molecules, and a specific connection with function is rarely available. 23 In contrast, vibrational dynamic Stokes shift measurements 24−30 have the ability to reveal site-specific information on solvent dynamics if vibrations localized in one section of the macromolecular system are probed. In this method, the solute is photoexcited into an electronic excited state, and the timedependent changes in the IR spectrum of a specific vibrational mode of the solute are measured, as the vibrational mode responds to changes in electrostatic environment due to the dynamic rearrangement of the solvent. 24, 26, 29 This approach has been applied to study the dynamics of hydrogen bonds (Hbonds) between an H-bond donor solute and an H-bond acceptor solvent. 29, 30 For example, time-dependent changes in the stretching frequency of the carbonyl bond (−CO) have been used to obtain site-specific information on dynamics of Hbonds between coumarin and phenol molecules. 24, 25 Vibrational modes other than those of the carbonyl group, such as hydroxyl (−OH) 31, 32 and nitrile (−CN) 33−35 stretching modes, have also been developed as local probes for the ultrafast dielectric response. Among these, the −CN stretching mode is particularly attractive because it absorbs in an uncluttered part of the vibrational spectrum. For example, the ultrafast frequency shifts of a −CN vibration has been used to study the solvent dependence of electron transfer rates between a −CN-containing photoacid and a base. 34 To date, only a few studies have employed this strategy to study local solvation in macromolecular systems like proteins, though we now have methods to systematically introduce nitrile probes at many sites in a protein. 35−41 In this work we have carried out vibrational dynamic Stokes shift measurements on a −CN-containing photoacid, coumarin183 (C183), bound at the active site of a highly proficient enzyme, Δ 5 -3-ketosteroid isomerase (KSI) ( Figure  1 ) to study how the water molecules which are H-bonded to the −CN in the substrate pocket of the enzyme respond to a light-activated charge perturbation which mimics the movement of charges during its catalytic cycle. KSI catalyzes the isomerization of 3-oxo-Δ 5 -steroids to their Δ 4 -conjugated isomers 42−45 ( Figure 2A ) and increases the rate of the isomerization reaction by 10 11 -fold over the uncatalyzed reaction. We have previously shown that the fluorescent The movement of electronic charge during the enzymatic reaction of KSI is compared to the movement of electronic charge during the photoexcitation of C183 (B). The red arrow in panels A and B show the direction of movement of electronic charge when moving from the KSI-intermediate complex to the KSI-reactant complex. An electronic difference dipole (|Δμ⃗ reaction |) of ∼20.2 D is created during the first step of KSI catalysis which is similar in magnitude to |Δμ⃗ excitation | ∼ 14.2 D created during photoexcitation of enzyme-bound C183. 46, 47 The red circle in panel B highlights the nitrile of C183 which faces the solvent exposed side of KSI active site and H-bonded to water and whose IR spectrum is used to probe dynamics in the substrate pocket of KSI. 46 ,47 similar to other transition-state analogues), and its photoexcitation mimics the changes in electrostatic environment which occur during the first step of the catalytic cycle of the enzyme. 46, 47 The catalytic reaction of KSI starts with the abstraction of the α-proton of the steroid substrate by the negatively charged Asp40 residue of the enzyme (Figure 2A) (Figure 2A) . From the perspective of electrostatics, the first step of the catalytic reaction is characterized by this flow of charge. Because the light activation of enzyme-bound C183 relocates the charge density away from the oxyanion hole ( Figure 2B ) and creates an electronic difference dipole (|Δμ⃗ excitation |) of ∼14.2 D, 47 which is similar in magnitude to the |Δμ⃗ reaction | of ∼20.2 D created during the first step of KSI catalysis 47 (though the direction of the dipole appears to be rotated by ∼45°between the two systems 46, 47 ) , it mimics the movement of charge density during the first step of the KSI catalytic cycle. 47 C183 contains a −CN moiety at structural position 3 located toward the solvent exposed side of the KSI active site when bound to the enzyme ( Figure 2B ). 46, 47 In this study we have utilized this nitrile vibrational probe to study the dynamical behavior of water molecules present in the substrate pocket of KSI where the locally probed solvation response can be related to the catalytic function of the enzyme.
■ MATERIALS AND METHODS
Buffers. The buffers used in this study are pH 5 buffer (40 mM citrate, 1 mM EDTA), pH 7.2 buffer (40 mM potassium phosphate, 1 mM EDTA), and pH 9.0 buffer (40 mM CHES (N-cyclohexyl-2-aminoethanesulfonic acid), 1 mM EDTA).
Protein Expression and Purification. All experiments in the present work used KSI from Pseudomonas putida with the common mutation, D40N, to enhance binding. 46 The protein was expressed and purified according to a previously published protocol. 48 The fluorescence and circular dichroism spectra of the mutant protein are similar to the wild-type KSI in both the native and unfolded states 47 which indicates that D40N mutation does not perturb the gross tertiary and secondary structure of KSI. The D40N form of KSI mimics the charge distribution of the enzyme active site in the intermediate state (protonated base) and is not the active form of the enzyme.
UV−vis Absorption and Steady-State Fluorescence. The UV−vis absorption spectra of free and enzyme bound C183 were measured with a Perkin-Elmer Lambda 25 spectrophotometer. The concentrations of C183 and KSI were respectively 5 and 50 μM. Steady-state fluorescence spectra of the unbound and enzyme bound C183 were measured with a PerkinElmer LS 55 fluorescence spectrometer, with excitation set to 408 nm.
Steady-State FT-IR Experiments. All the steady-state IR spectra were obtained on a Bruker Vertex 70 FTIR spectrometer (Billerica, MA) equipped with an InSb detector and processed as detailed previously. 47 Peak positions were determined using a second derivative-based method built into the OPUS FT-IR software (Bruker Photonics, Billerica, MA). The concentration of free and enzyme bound C183 was ∼2 mM for FTIR experiments.
UV-Pump−IR-Probe Experiments. We use subpicosecond duration 400 nm pulses to excite C183 and broadband mid-IR pulses to probe the transient spectra of the nitrile stretch of C183. We generated pump and probe pulses with a regeneratively amplified Ti:sapphire laser system (Spitfire, Spectra-Physics) with a 1 kHz repetition rate and 35 fs fwhm pulse duration at 800 nm. We produced 400 nm pulses with a 7 nm fwhm spectral width by frequency doubling the amplifier output with a 0.1 mm thick BBO crystal and sent ∼5 mW to excite the electronic transition of C183. The pump beam spot size was ∼200 μm in diameter. Tunable mid-infrared pulses were generated by difference frequency generation of the nearinfrared signal and idler from an optical parametric amplifier (OPA800CF, Spectra-Physics). These mid-IR pulses have duration of 60 fs fwhm with a spectral width of about 300 cm −1 . The cross-correlation of the pump and probe pulses is less than 200 fs fwhm. We measured the pump−probe signal with the mid-IR polarization both parallel and perpendicular to the 400 nm pump pulse. Isotropic signals were calculated with this data and used for further analysis. We dispersed the probe beam with a grating spectrometer (iHR320, HORIBA Jobin Yvon) onto a liquid N 2 cooled MCT pixel array detector with a spectral resolution of ∼4 cm −1 per pixel. The liquid samples were mounted between two CaF 2 windows with a 50 μm Teflon spacer. The sample cell was continuously rotated as well as vertically translated during the experiments to minimize photodamage of the samples. Transient spectra are averaged for ∼5 h for each sample. The transient IR spectra at different delay times were fit to a sum of two pseudo-Voigt functions to determine the nitrile stretching frequencies and width (fwhm) of the peaks in the ground state bleach and electronic excited state. The concentration of free and enzyme bound C183 was ∼6 mM for UV-pump−IR-probe experiments.
■ RESULTS
Free C183 in aqueous solution at pH 5 is predominantly in its protonated form and exhibits an absorbance maximum at 355 nm ( Figure 3A) . The deprotonated form at pH 9.0 absorbs maximally at 408 nm ( Figure 3A) . The UV absorption maximum of C183 at pH 5 in the presence of KSI shifts from 355 to 408 nm, indicating that KSI binding converts C183 to its anionic form ( Figure 3A) , as expected for a ligand with a solution pK a of ∼6.5. 46, 48, 49 The fluorescence emission of C183 (λ max = 450 nm) is heavily quenched when it is bound to KSI ( Figure 3A) , and its fluorescence lifetime also decreases significantly. 46 In parallel to these electronic absorption features, the IR frequency of the C183-nitrile also shifts upon binding to KSI (Figure 3B ), as expected for the formation of the anion. At pH 5, C183 remains predominantly in its protonated form in solution and the nitrile absorbs at 2238.2 cm −1 ( Figure 3B ), while at pH 9.0, where C183 remains predominantly in its deprotonated form in solution, the nitrile absorbs maximally at 2226.3 cm −1 nm ( Figure 3B ). More precisely, the IR absorption frequency of the nitrile of C183 at pH 5 in the presence of KSI shifts from 2238.2 to 2227.2 cm −1 ( Figure 3B ). The stretching frequency of the C183-nitrile when it is bound at the active site of KSI is similar to the stretching frequency of C183-nitrile in pH 9 buffer. The inset in Figure 3B shows that the stretching frequency of the nitrile shifts to the blue upon H-bonding. The nitrile absorbs at 2228.9 cm −1 when C183 is dissolved in DMSO (an aprotic solvent) but shifts to 2238.2 cm −1 when C183 is dissolved in pH 5 buffer (a protic solvent of similar dielectric to DMSO) ( Figure 3B: inset) . The blue-shifting of the nitrile absorption frequency upon Hbonding to water has been extensively discussed in many previous studies.
36,50−52 Thus, we can conclude both from the electronic absorption and from the nitrile stretch frequency that C183 binds at the active site in the anionic form and further, from the nitrile stretch frequency, that the nitrile, which is buried within the substrate binding pocket, is interacting with water. We will now present a detailed discussion of how the time-dependent CN-stretch absorption spectrum induced by UV excitation of C183 reports upon the distinct manner with which water in solution and water associated with the protein solvate a functionally relevant movement of charge.
As shown in Figure 4 , we used subpicosecond duration 400 nm pulses to excite C183 and broadband mid-IR pulses to probe the transient spectra of the nitrile stretch of C183 (see Material and Methods). The transient IR spectra at different delay times were extracted ( Figure 5 ) and fit with a sum of two pseudo-Voigt functions to determine the nitrile stretching frequencies and width (fwhm) of the peaks in the ground state bleach and electronic excited state. . This peak shifts to the blue from 2171.3 to 2182.3 cm −1 with delay times after photoexcitation, while the absorption frequency of the nitrile in the electronic ground state remains constant at 2226.3 cm −1 ( Figure 4A ; Figure  5A ,B). The time-dependent blue shift in absorption frequency of the nitrile in the electronic excited state of C183 fits well to a single exponential with a time constant of 12 ± 2 ps ( Figure  5B ). This time-dependent shift in the CN-stretch frequency could originate from two physically distinct phenomena: an initial red-shift of the absorption frequency due to a combination band or hot band shift 27, 53 that relaxed with a rate determined by the rate of energy relaxation from C183 to the solvation environment or a vibrational analogue 24, 26, 27, 31, 33 of the dynamic fluorescence Stokes shift 2, 21 where the rate of relaxation reflects the rate of dielectric relaxation of the solvent in response to the electronic excitation of C183. We attribute the observed time-dependent spectral shift of the CN-stretch frequency to a dynamic Stokes shift. The reasons for this assignment will be addressed in the Discussion.
When C183 is bound in the active site of KSI, the nitrile stretching frequency at 2227.2 cm −1 in the ground state bleach shifts to 2168.5 cm −1 upon photoexcitation to the first electronic excited state ( Figure 4B ; Figure 5C ,D). In this case, however, no time-dependent blue shift of the nitrile stretching frequency is observed ( Figure 4B ; Figure 5C ,D), and only a slight red-shift of unknown origin with time from 2168.5 to 2165.4 cm −1 is observed. The absorption frequency of the nitrile in the ground state bleach remains constant at 2227.2 cm −1 ( Figure 4B ; Figure 5C ,D). The transient IR intensity decays with a time constant of ∼80 ps, in both ground state bleach and electronic excited state, which is consistent with the fluorescence lifetime decay time scale of KSI-bound C183. 46 
■ DISCUSSION
The hydration environment in the substrate pocket of KSI has been a subject of many theoretical and experimental studies. Solvent penetration in the substrate pocket of the apo enzyme has been studied using fluorescence quenching experiments. 54 The tryptophan residue at position 120 (Trp120) in the sequence of KSI makes a H-bond with the side chain carbonyl of Asp40 which plays the role of general base during catalysis. KSI variants having different active site mutations show differing degrees of quenching of fluorescence of Trp120 by acrylamide present in the solvent, implying different degrees of solvent penetration in the substrate pocket. 54 Water molecules have also been found to be present in the substrate pocket of ligand-bound KSI. 19 F NMR experiments on 2-fluoro-4-nitrophenolate bound to several KSI variants have indicated that the degree of solvation in the substrate pocket depends upon the nature of the mutation in the active site. 55 The presence of a water molecule within hydrogen bonding distance of the enzyme-bound ligand has been identified in a recent study using a combination of 13 C NMR and FTIR spectroscopy, 52 which was proposed to be at a position similar to that identified previously in a high-resolution crystal structure of ligand-bound KSI (PDB: 3FZW) ( Figure 6A ).
X-ray crystal structures of proteins generally do not show structural water molecules. 8, 56 Nevertheless, a water molecule near the oxyanion hole which was earlier identified in molecular dynamics simulations of the isomerization reaction catalyzed by KSI 44, 57 was observed in high-resolution crystal structures of KSI bound to equilenin (PDB: 3FZW) 58 ( Figure 6A ). Crystallographic data for an Y16S mutant of KSI bound to equilenin (PDB: 3IPT) 55 also suggest the presence of many disordered water molecules in the substrate pocket of KSI, some of which are distal to the oxyanion hole. A recent theoretical study 11 and additional high-resolution crystal structure (PDB: 1OH0) ( Figure 6B ) have identified several water occupation sites in the substrate pocket that are distal to the oxyanion hole. Water molecules are found near the A and B rings of enzyme-bound equilenin some of which are in contact with the bulk solvent. 11 The number and position of these water molecules depend upon the nature of the bound ligand and the mutation in the active site. 11 It is expected that more water molecules will occupy the substrate pocket when C183 is bound to KSI due to its smaller size compared to equilenin (Figure 1) . Most of the above studies examined and elucidated the structural properties of active site water molecules. The dynamical properties of these water molecules and how the dynamics couple to catalysis remain poorly understood, and characterizing this coupling is the main objective of the present paper.
In the electronic ground state of C183, the nitrile of C183 senses the equilibrium configuration of water molecules surrounding it. Photoexcitation of C183 into the electronic excited state redistributes the electronic charge density of the molecule, with the negative charge moving away from the deprotonated hydroxyl atom toward the nitrile moiety ( Figure  2B ). The redistributed charge density on C183 produces a nonequilibrium configuration of water molecules around C183-nitrile. These events generate a prompt red-shift in the nitrile vibrational frequency ( Figure 5 ). The time scales for water reorientation in response to an electronic excitation of a solute molecule depend upon the structural flexibility of the solvation environment. 21 When C183 is free in solution, the reorientation of the water molecules surrounding the nitrile in the electronic excited state leads to stronger H-bonds with C183-nitrile, which results in a dynamic blue-shift in the vibrational absorption frequency of C183-nitrile with a time constant of 12 ± 2 ps ( Figure 5A ,B). It is important to note that a vibrational Stokes shift can be toward either the blue or red, 26, 27 unlike fluorescence Stokes shifts which are always to the red. 21 By contrast, the absence of a dynamic spectral shift when C183 is bound at the active site of KSI implies that the water molecules in the region surrounding the C183-nitrile near the active site of KSI are highly rigid and do not reorganize (within the ∼300 ps time window probed in our experiments) in response to the changes in electrostatic environment which mimic its catalytic reaction cycle.
The 12 ± 2 ps time scale for the CN-stretch blue-shift cannot be easily reconciled with the expected rates of dielectric solvation or vibrational relaxation in aqueous solution. Molecular dynamics simulations and fluorescence Stokes shift studies of nonequilibrium solvation dynamics indicate that the dielectric solvation dynamics of water in response to an electrostatic perturbation induced by electronic excitation of a solute occur predominantly with two time scales of roughly 50 fs and 1 ps. 2, 46, 59 Molecular dynamics simulations and pump− probe spectroscopy studies of low-frequency vibrational relaxation from a nonequilibrium solute to the solvent occurs on the one to a few picoseconds time scale.
60−62 The 12 ± 2 ps time constant observed in our measurement exceeds the expected time constant for either bulk dielectric solvation or vibrational relaxation.
The absence of the spectral shift for C183 bound to KSI ( Figure 5C,D) , the equivalent electronic absorption spectrum for C183 bound to KSI and free in aqueous solution ( Figure  3A) , and the roughly same rate of vibrational relaxation observed in aqueous solution and solvated proteins 60, 63 lead us to attribute the slow spectral shift seen in aqueous solution to the short-range solvation dynamics associated with reorganization of the hydrogen bonding between water and the nitrile moiety of C183. Free and enzyme-bound C183 have the same UV absorption spectra ( Figure 3A) , and electronic excitation with the same wavelength of light should deposit the same amount of excess energy into the respective electronic excited states. Hence, vibrational cooling, leading to a dynamic blueshift, should also occur when C183 is bound at the active site of KSI, as it is an intrinsic property of the molecule. However, no time-dependent blue-shift in absorption frequency is observed for enzyme-bound C183 ( Figure 4B ; Figure 5C ,D). Second, vibrationally hot molecules typically show broadened vibrational spectra which narrow as the molecule cools. 27, 64, 65 We extracted the width (fwhm) of the transient IR spectra by fitting them to pseudo-Voigt functions ( Figure 5B ,D: inset). The width of the IR spectrum does not change appreciably either in the ground state bleach or electronic excited state ( Figure  5B ,D: inset), both for free and KSI-bound C183, on the time scale of 12 ps, which is the time constant of the vibrational dynamic Stokes shift ( Figure 5B ). These observations make vibrational cooling an unlikely explanation for the timedependent spectral shift of the CN-stretch frequency in the electronic excited state of free C183.
The attribution of time-dependent shift in the CN-stretch frequency to local changes in hydrogen bond structure matches the pronounced solvatochromic sensitivity of cyano complexes to hydrogen bond solvation. 66, 67 The sensitivity of a vibrational transition frequency to short-ranged hydrogen bond dynamics has been proposed to explain a wide range of time-resolved measurements of hydrogen bond dynamics in water and aqueous ionic solutions. 68, 69 The greater sensitivity of the CNstretch frequency to short-ranged hydrogen bond reorganization than the electronic transition frequency parallels the spatial extent of the excitation. The redistribution of charge induced by electronic excitation in C183 occurs on a length scale large compared to the size of a water molecule, whereas the charge redistribution induced by vibration excitation of the CN-stretch occurs on a length scale comparable to the size of a water molecule.
It is insightful to compare the results of the present study to a previous measurement of solvation dynamics on C183 using time-resolved fluorescence. 46 Fluorescence dynamic Stokes shift experiments on KSI bound C183 showed a fast (1−2 ps) but very small solvation response which was ascribed to the water solvation of the solvent exposed electron accepting group. 46 This result is consistent with the very small timedependent shift of the nitrile stretching frequency observed in this study ( Figure 5D ). For free C183, the time constant of the dielectric relaxation of the surrounding water molecules was measured to be ∼1−2 ps, 46 similar to previous measures of aqueous solvation dynamics, but in contrast to the ∼12 ps time constant observed in the current study ( Figure 5C ). These findings support our conclusion that fluorescent probes of solvation respond to the dynamics of many solvent molecules in the first and subsequent solvation shells and hence give an average time scale of solvation, 26 while molecular vibrations provide site-specific and local probes of solvation. 24, 26, 27 In separate and somewhat related work on small molecule solvatochromism, we have found that in nitrile-containing molecules with no net molecular dipole, where no net solvation is expected, the nitrile vibrations nonetheless sense the polarity of the solvent molecules in their immediate vicinity. 70 Hence, the above difference in the dielectric relaxation time scale reflects the global versus local differences in water organization and rigidity around C183.
■ CLOSING REMARKS
Despite the importance of water molecules in biology, 9,71−73 the functional role of water molecules near the active sites of enzymes is not well understood. 15, 16, 56 A recent study measured the dynamics of water molecules near the active site of a metalloprotease during its catalytic cycle using terahertz spectroscopy. 15 It was observed that water molecules at the active site become rigid before the formation of the functional Michaelis complex. In the present study, we have studied the dynamics of water molecules near the active site of KSI during a light-activated mimic of its catalysis, using time-resolved vibrational spectroscopy. We observe that water molecules in the active site do not reorganize dynamically in response to a catalytically relevant electrostatic perturbation. In a previous study, we observed that the protein dipoles in the active site of KSI remain static during the light activated mimic of the catalytic reaction. 46, 47 We propose that the rigid water molecules at the KSI active site help in the maintenance of the organized electrostatic environment required for catalysis. The approach employed in this study, to use molecular vibrations as a site-specific probe of solvation, would be very useful for other biomolecular systems and is expected to reveal novel information about differences in local solvation environments around macromolecular solutes.
